The effect of short-term diabetes, 5 days after the administration of streptozotocin, on renal growth and the activity of alternative pathways of glucose metabolism was studied in immature (21-day-old) rats and in adult rats. The kidney weight increased by 28% in the adult diabetic rats, but by only 10% in the immature diabetic rats, relative to their age-matched control groups. The flux of glucose via the pentose phosphate pathway was increased 2-3-fold in the adult diabetic rats, but was unchanged in the immature diabetic group. Enzymes of this pathway (glucose-6-phosphate dehydrogenase and 6-phosphogluconate dehydrogenase) increased by 29% and 77% respectively in adult diabetic rats; in the immature group they showed changes of + 5 % and + 28% respectively. The rate of glucose phosphorylation increased significantly in both groups of diabetic rats; only minor changes were observed in oxidation via the tricarboxylic acid cycle. Increases of 40-50% were found in the activity of enzymes involved in UDP-glucose metabolism (phosphoglucomutase, UDPglucose pyrophosphorylase and UDPglucose dehydrogenase) and in lactate dehydrogenase in both young and adult animals. The results suggest a differential renal response to streptozotocin-diabetes according to the stage of renal growth and development, and it is proposed that the difference is related to the developmental emergence of aldose reductase. Enzymes involved in formation of ribose 5-phosphate and NADPH are strikingly increased in the adult diabetic, whereas metabolic functions dependent on a high ambient glucose concentration, e.g. synthesis of glycogen and glucuronate, are similarly affected in adult and immature diabetic groups, both showing certain aspects of 'glucose overutilization'.
INTRODUCTION
The short-term effects of streptozotocin on renal growth in adult female rats has been studied in detail by Seyer-Hansen (1976 , 1983 , who showed that, 3 days after the injection of streptozotocin, kidney weight increased by 19%, rising to 39 % at 8 days. This author also demonstrated that, during the first 7 days of diabetes, there was a correlation between kidney growth and the blood glucose values over a wide range of blood glucose concentrations (Seyer-Hansen, 1977) .
We have previously reported a significant positive correlation between the activity of the pentose phosphate pathway and the extent of renal hypertrophy in adult male rats in both long-term diabetes, which occurred 6 weeks after induction of experimental diabetes with, or without, unilateral nephrectomy (Steer et al., 1982) , and in short-term experimental diabetes, in the 2-7 day period after induction of diabetes with alloxan (Steer et al., 1985) .
Most investigations into renal hypertrophy to date have concentrated on changes in the adult rat, and less attention has been given to the possible biochemical changes in the immature rat, where growth of the kidney is already occurring at a rapid rate. The immature-rat experimental model may well be of importance in throwing light on the known changes in kidney size and function in early juvenile diabetes (Mogensen, 1971 ; Mogensen & Andersen, 1973) .
The present studyexamines the effects ofstreptozotocindiabetes on kidney growth and the pathways of glucose utilization in young, newly weaned, rats (aged 21 days) and compares their renal response to diabetes with that ofadult rats similarly treated. The enzymes of the pentose phosphate pathway, enzymes involved in the formation and utilization of glucose 6-phosphate and UDP-glucose, and key enzymes of the glycolytic pathway were measured in kidney cortex, together with the flux of 14C_ and 3H-labelled glucose through alternative metabolic routes.
METHODS

Materials
Substrates and coenzymes used in the enzymic assay procedures were purchased either from Boehringer Corp. (Lewes, Sussex, U.K.) or Sigma Chemical Co. (Poole, Dorset, U.K.). Radiochemicals were purchased from The Radiochemical Centre, (Amersham, Bucks., U.K.), except for [3,4-14C] glucose, which was obtained from New England Nuclear Corp. (Southampton, U.K.)
Animals
Albino male rats of the Wistar strain were used. The newly weaned rats, 21 days old, weighed approx. 50 g at the commencement of the experiment, and the 2-monthold rats approx. 220 g. Streptozotocin, dissolved in citrate buffer, pH 4.0, was administered by intraperitoneal injection, at a dose of 120 mg/kg body wt. Standard pelleted laboratory diet and water were allowed ad lib. and, in most experiments, the rats were used 5 days later.
Additional groups of 21-day-old rats were studied at 3 days after the streptozotocin treatment. An additional control group, taken at the time of the administration of the diabetogenic agent, i.e. at 21 days, was studied and is termed, in Table l and the text, 'newly weaned 21-day-old rats'. The severity of diabetes was evaluated by blood glucose measurement.
Enzyme determinations
Kidney-cortex homogenates (1: 5, w/v) were prepared in 0.25 M-sucrose medium buffered with 0.02 M-triethanolamine, pH 7.4, and containing 0.12 mM-dithiothreitol. A high-speed-supernatant fraction was obtained by centrifugation at 105000 g for 45 min; this fraction was dialysed against the same buffer for 1 h at 4 'C. Enzymes of the pentose phosphate pathway, UDP-glucose metabolism and the glycolytic route, as well as blood glucose, were measured as previously described (Novello & McLean, 1968; Gumaa & McLean, 1972; Bergmeyer, 1974; Sochor et al., 1979) . Aldose reductase (EC 1.1. 1.21) was measured, with glucose as substrate, by the method of Wermuth & von Wartburg (1982) and sorbitol dehydrogenase (EC 1.1.1.14) as described by Bergmeyer (1974) .
Flux studies
The conversion of specifically labelled glucose into 14CO2 or 3H20 by kidney slices incubated for 1 h in Krebs-Ringer bicarbonate medium, containing 5 mm-or 20 mM-glucose and 0.5 /Ci of labelled substrate, was measured as previously described (Sochor et al., 1979) . These were used to provide a medium with glucose concentrations similar to the blood glucose values in vivo; 5 mM-glucose was used for immature and adult control kidney slices and 20 mM-glucose for the two groups of diabetic rats. The validity of this procedure has been discussed by Sochor et al. (1979) . The approximate activity of the pentose phosphate pathway is given by the difference in 14C02 yields from [1-14C] . The flux of glucose through the pyruvate dehydrogenase reaction is indicated by the yield of 14CO2 from [3,4-14C] glucose, and the oxidation of glucose via the tricarboxylic acid cycle by the 14CO2 yields from [6-14C] glucose. The phosphorylation of glucose and its conversion into fructose 6-phosphate is evaluated from the 3H20 yields from [2-3H]glucose (Hutton, 1972) .
Metabolite determinations
Metabolites were measured in HClO4 extracts of freeze-clamped kidneys by the standard procedures described by Bergmeyer (1974) . RESULTS Effect of diabetes on kidney growth
In the adult rat, diabetes resulted in a 27% increase in kidney weight in 5 days. This increase agrees well with the values reported by Seyer-Hansen (1976) , where the kidneys of adult fully grown female rats grew by 19 % in 3 days and by 39 % in 8 days after the induction of diabetes. In contrast, there was only a small increase (10 % ) in the weight ofthe kidneys ofimmature rats 5 days after streptozotocin treatment compared with agematched controls (Table 1) .
Effect of diabetes on the activities of enzymes of the alternative routes of glucose utilization Previous studies (Steer et al., 1985) have established that the renal growth and elevated enzyme activities found in early streptozotocin-diabetic rats are related to the diabetogenic activity ofthe drug and not to short-term 'toxic' effects.
Hexokinase. The activity of hexokinase per unit weight of kidney is approximately equal in immature and adult rats. Furthermore, changes in hexokinase activity are essentially similar in immature and adult diabetic rats, with an approx. 14% increase in both groups, statistically significant only in the adult group.
Pentose phosphate pathway. Diabetes (5 days) resulted in an increase in glucose-6-phosphate dehydrogenase (EC 1.1. 1.49) in the adult kidney, and in 6-phosphogluconate dehydrogenase (EC 1.1.1.44) and transaldolase (EC 2.2.1.2) in both adult and immature kidneys, whereas transketolase (EC 2.2.1.1), ribose-5'-phosphate isomerase (EC 5.3.1.6) and ribulose-phosphate 3-epimerase (EC 5.1.3.1) remained unchanged in both groups. The net effect of these changes is to approximate the values of the adult kidney towards the profile obtaining in immature, rapidly growing, kidney for 6-phosphogluconate dehydrogenase, transaldolase and transketolase while exaggerating the differences in glucose 6-phosphate dehydrogenase activity (Table 1) . It is noteworthy that measurements of enzyme activities in the immature rat kidney at an earlier stage of diabetes (3 days) revealed significant increases in 6-phosphogluconate dehydrogenase (33%; 1.79+0.07 units/g; P < 0.001; n =6), transaldolase (l3%; 0.91 +0.02 unit/g; P < 0.05; n 6) and kidney weight (7%; 0.722+0.16 g; P < 0.05; n= 10), showing that the pattern of response is established early in diabetic hypertrophy.
Glycolytic enzymes. Phosphofructokinase (EC 2.7. 1.11), pyruvate kinase (EC 2.7.1.40) and lactate dehydrogenase (EC 1.1.1.27) were measured. Streptozotocin-diabetes (5 days) had no effett on pyruvate kinase activity, but increased phosphofructokinase by 22% in the immature rat kidney and decreased it significantly in the adult. It substantially increased lactate dehydrogenase in both adult and immature kidneys (Table 1) . At the earlier stage of3 days' diabetes, only lactate dehydrogenase activity was raised significantly, and this only in the immature (48%; 78.2+2.5 units/g; P < 0.001; n = 5).
Enzymes of the UDP-glucose crossroads. All of the three enzymes measured at this locus, phosphoglucomutase (EC 5.4.2.2), UDPglucose pyrophosphorylase (EC 2.7.7.9) and UDPglucose dehydrogenase (EC 1.1.1.22), were substantially increased in the kidneys of diabetic rats, both adult and immature, 5 days after the induction of diabetes. At the shorter time of 3 days' diabetes, only phosphoglucomutase in the immature rat kidney showed a significant increase (400% ; 9.87 + 0.53 units/g; P < 0.01; n = 6).
Enzymes of the polyol pathway. Neither aldose reductase nor sorbitol dehydrogenase activity was significantly changed as a result of the induction of diabetes (either 5 days or 3 days) in either adult or immature rats. The conversion of glucose labelled on C-1, C-6 or C-3,4 into '4CO2 and of [2-3H] (Table 1) . A marked point of contrast in the response of the adult and immature rat kidney to diabetes was seen in the activity of the pentose phosphate pathway (Cl -C6), which increased 2-fold in the adult diabetic rat kidney but remained unchanged in the immature diabetic rat kidney relative to the age-matched control groups.
DISCUSSION
Diabetes-induced kidney growth in adult and immature rats
The increase in kidney weight in the early stages of diabetes differs in adult and immature rats in that, in the former case, the entire growth can be ascribed to diabetes-induced renal hypertrophy, whereas in the latter case the renal hypertrophy is superimposed on normal developmental growth. When allowance is made for development, it can be calculated that renal hypertrophy in the adult adds 0.054 g/day per g of kidney, whereas in the immature rat the corresponding value is 0.019 g/day per g of kidney, i.e. the response of the adult kidney to diabetes is almost 3 times that of the immature.
Glucose utilization in relation to kidney growth in diabetes
The renal changes in adult and immature rats after the induction of diabetes can be separated into two broad categories; the first occur as a common response to diabetes in the two age groups, whereas the second relate to specific increases in key enzymes and pathways in one, but not both, groups. It is not unreasonable to propose, by analogy with the constant and specific proportion studies by Pette et al. (1962) and Pette (1966) , that these latter changes are more related to the differential growth pattern.
(a) Common responses to diabetes in adult and immature rats. This group includes enzymes such as phosphoglucomutase, UDPglucose pyrophosphorylase and UDPglucose dehydrogenase, which are involved in complex-carbohydrate synthesis, e.g. glycogen and components of the basement membrane (Needleman et al., 1968; Spiro, 1976; Cortes et al., 1982; Spiro, 1984) .
Also common to the two groups is the increase in glucose phosphorylation, indicative of some degree of ' glucose overutilization', although it should be observed that the flux through glycolysis and the tricarboxylic acid cycle is not increased by diabetes in either age group.
(b) The differing response of the pentose phosphate pathway to diabetes in the kidney ofthe adult and immature rat. Early renal hypertrophy in the adult diabetic rat has been shown to be positively correlated with: (i) the blood glucose concentration (Seyer-Hansen, 1977) ; (ii) the flux of glucose through the oxidative segment of the pentose phosphate pathway (Steer et al., 1982 (Steer et al., , 1985 ; and (iii) the activity of glucose-6-phosphate dehydrogenase (Steer et al., 1985) . The present observations that there is (i) a differing, and slower, rate of diabetes-induced growth in the immature rat relative to the adult rat kidney, despite closely similar degrees of hyperglycaemia, (ii) no increase in the flux of glucose through the oxidative segment of the pentose phosphate pathway in the immature rat kidney in diabetes, in contrast with the adult, and (iii) no increase in the activity of glucose-6-phosphate dehydrogenase or in glucose 6-phosphate concentration in the immature rat kidney in diabetes [control, 19.7 + 4 .1 (n = 9); diabetic, 26.8 +4.2 (n = 12) (nmol/g)], again in contrast with the adult, strongly suggest that the pentose phosphate pathway is intimately linked to renal growth processes in diabetes and that understanding of the regulation of this pathway in kidney could clarify the processes leading to renal hypertrophy.
The differing pattern of response in the kidney of the adult normal and diabetic animals is seen mainly in the enzymes of the oxidative, rather than the non-oxidative, segment of the pentose phosphate pathway ( Table 1) which indicates that the link between this pathway and growth resides in this segment of the pathway. Probably the most potent factor regulating the activity of this segment is the concentration of NADPH, a powerful inhibitor of glucose-6-phosphate dehydrogenase (Krebs & Eggleston, 1974) .
All three parameters raised in the adult kidney in diabetes, i.e. activities of glucose-6-phosphate dehydrogenase and 6-phosphogluconate dehydrogenase and glucose 6-phosphate content [control, 48 + 3 (n = 8), diabetic, 97 + 6 (n = 8) nmol/g; P < 0.001] could contribute to the increased flux through the pentose phosphate pathway. Equally, the failure of the flux through the pathway to increase in the immature rat kidney in short-term diabetes could be ascribed to the unchanged glucose-6-phosphate dehydrogenase activity and low concentration of glucose 6-phosphate. Nevertheless, in view of the fact that, in the absence of a system for the reoxidation of NADPH, only a small fraction (approx. 5%) of the potential activity of the pentose phosphate pathway is expressed, changes in glucose-6-phosphate dehydrogenase and glucose 6-phosphate alone are unlikely substantially to change the flux in the pathway unless accompanied by a parallel increase in a NADPH-acceptor system (Sochor et al., 1979) .
The major NADPH-utilizing system in adult rat kidney which is dependent on high blood glucose concentrations, such as those found in experimental diabetes, is aldose reductase, the Km of which is reported to be 51 mm for kidney (Cromlish & Flynn, 1983) . Although this enzyme would make a very small contribution to NADPH reoxidation in either adult or immature rat kidney at normal blood glucose concentrations, it could have a substantial effect at blood glucose values of approx. 25 mM. In this context it is significant that aldose reductase activity (with glucose as substrate) shows a developmental pattern, being lower in immature rats than in adults. Thus the extent to which aldose reductase can contribute NADP+, required for the activity of the pentose phosphate pathway, is age-dependent and can be calculated to account for the oxidation of approx. 3 #smol of NADPH/h per g at 37°C in the adult and 1.2-1.9,mol/h per g in the immature kidney. These values compare well with the flux observed (Table 1) for adult diabetic rats, which is equivalent to 2.54 ,umol of NADPH produced/h per g at 37°C, and 1.0 ,mol of NADPH/h per g at 37°C for immature rats.
The linking of the pentose phosphate pathway to high blood glucose values via aldose reductase may be a common feature of glucose overutilization in a number of tissues not dependent on insulin for glucose uptake, as originally shown in lens by Kinoshita et al. (1963) . Similarly, n.m.r. studies showincreased sorbitol formation and turnover of NADPH in lens and a 5-fold increase in the flux of glucose through the PPP with elevated glucose concentrations (Gonzalez et al., 1984) . It should thus appear that the mechanism of the different growth responses to diabetes in adult and immature rats stems, in part, from the developmental pattern of aldose reductase.
There still remains the question of the relationship between increased pentose-phosphate-pathway activity and renal growth in diabetes, a link required in understanding the positive correlation between increased blood glucose, NADPH reoxidation by aldose reductase, increased pathway activity and kidney growth. This may be related to an increased formation ofribose 5-phosphate by the oxidative pentose phosphate pathway and the production of phosphoribosyl pyrophosphate. The importance of this locus has been shown by the studies of Cortes et al. (1980) , who have demonstrated increased bioavailability of phosphoribosyl pyrophosphate in early renal growth in diabetes. The relationship between formation and utilization of phosphoribosyl pyrophosphate in diabetes at different development stages is the subject of the following paper (Kunjara et al., 1986) .
